Mercurialis annua is a wind-pollinated annual showing a remarkable sexual-system variation, with hexaploid populations being either monoecious or androdioecious. Hexaploid M. annua is most likely a product of hybridization between diploid M. huetii and tetraploid M. annua; therefore, we developed microsatellite loci by isolating simple sequence repeat (SSR) sequences from the diploid progenitor, cross-amplification tests in M. huetii/M. annua species complex followed by selection of loci amplifying only in M. huetii and hexaploid M. annua, and testing polymorphism in 1 hexaploid population. This protocol resulted in 10 unlinked, polymorphic loci amplifying 4-10 alleles per locus. Due to specific amplification of the diploid part of the genome originating from M. huetii, these loci produce codominantly scored, diploid data for allohexaploid species, thereby simplifying data collection and subsequent analyses. Sequencing of the hexaploid polymerase chain reaction product for all 10 loci and aligning it with M. huetii SSR library sequence confirmed orthology of the characterized loci. Inheritance tests in 4 hexaploid crosses confirmed diploid Mendelian segregation of the new loci.
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Hybridization and whole-genome duplication (polyploidy) have both played a prominent role in the diversification of land plants. Almost all extant angiosperm lineages have undergone polyploidization sometime in their evolutionary history (De Bodt et al. 2005; Cui et al. 2006; , and recent polyploidization explains at least 2-4% of the speciation events in flowering plants (Otto and Whitton 2000) . These polyploid speciation events are often associated with hybridization between species with genetically diverged genomes (Paun et al. 2009 ). Allopolyploids resulting from such hybridization are among important crops and wild species in many floras (Grant 1981; Brochmann et al. 2004; Soltis et al. 2004) , although their frequency among plants remains difficult to determine (Mallet 2007; Rieseberg and Willis 2007) . Despite the obvious importance of allopolyploids in plant diversification, studying their population genetics is difficult because of problems of paralogy of potential marker loci. Specifically, although it may often be possible to identify different alleles by staining for enzymes or through amplification of microsatellites using particular primer sequences, the genetic interpretation of such alleles can be ambiguous in allopolyploids (e.g., De Silva et al. 2005; Obbard et al. 2006b ). On the one hand, alleles may be segregating at the same genetic locus, in which case, if the locus is diploid, they could be easily used to estimate standard population genetic parameters. On the other hand, however, different alleles identified by enzyme staining or primer amplification may in fact come from different genetic loci, each from a different progenitor. The problem is how to distinguish these 2 scenarios, especially where alleles from both progenitors are similar in migration distance.
One response to the problem might be to devise statistical tools that accommodate possible paralogy. Several such approaches have been introduced. For example, statistics may be based on so-called gross ''allelic phenotypes,'' that is, a description of phenotypic banding patterns on a gel that do not consider possible dosage differences (Obbard et al. 2006b and similar approaches reviewed therein). Because this approach does not require dosage estimation, which can be difficult, this approach has obvious advantages. However, it suffers from the disadvantage of ignoring such information as may be available in real dosage differences. More importantly, knowledge of allele dosage is required for allele frequency estimates, which are fundamental to much classical population genetic analysis.
An alternative approach to the problem of paralogy would be to resolve the different genetic loci involved, so that each allele can be attributed to its own specific locus. It is hard to imagine how this might be done for isozymes if alleles originating from different progenitors do not differ significantly in migration speed. However, for microsatellites, locus resolution in allopolyploids might be achieved by developing primers specific to one or other of the contributing progenitor genomes. Given that microsatellite primer sites tend to evolve quite quickly so that their transferability is usually limited to closely related taxa (e.g., Steinkellner et al. 1997) , such an approach should be practicable. However, we are aware of only one such attempt: Guyomarc'h et al. (2002) mapped chromosomes of the D-genome of allohexaploid wheat (Triticum aestivum) using microsatellite loci isolated from Aegilops tauschii, the diploid progenitor of the D-genome. Using 1 or more of the diploid progenitors for primer design (rather than designing primers on the basis of the allopolyploid material itself) also circumvents the problem of determining allele dosage because diploid data are obtained.
Here, we use a similar approach to develop diploid microsatellite markers for wild populations of the allohexaploid annual plant Mercurialis annua L. Specifically, we develop markers with diploid inheritance by identifying microsatellite primer pairs that specifically amplify for only 1 of the 3 corresponding paralogous hexaploid loci. The M. annua species complex displays remarkable variation in its sexual systems and has become a valuable model for testing hypotheses regarding the evolution of mating systems and sex allocation (e.g., Pannell et al. 2004; Obbard et al. 2006a; Dorken and Pannell 2009 ). Hexaploid populations of M. annua (sometimes referred to as M. ambigua ; Durand 1963) are variously composed of self-fertile, monoecious individuals and males at frequencies ranging from 0 to about 40% (Durand 1963; Pannell 1997) . The hexaploid lineage appears to be the result of hybridization between (auto-) tetraploid M. annua and the closely related diploid species, M. huetii (Obbard, Harris, Buggs, and Pannell 2006) . We thus sought to identify microsatellite primers that amplify alleles only from the M. huetii genome. Our approach involved 1) isolation of microsatellite loci and primer design from M. huetii; 2) selection of loci specific to M. huetii lineages based on cross-amplification tests in the M. huetii/M. annua species complex; 3) testing for polymorphism in hexaploid M. annua; 4) testing for orthology between sequences obtained from our simple sequence repeat (SSR) library and hexaploid M. annua; and 5) testing for diploid (Mendelian) inheritance of the new loci in hexaploid individuals of M. annua produced by artificially self-pollinating known genotypes.
Materials and Methods
A bulk seed collection from a single M. huetii population from southwest France was selected as starting material for the SSR library. Genomic DNA was extracted from germinated seedlings using the cetyltrimethylammonium bromide method (Doyle JJ and Doyle JL 1987) . A microsatellite-enriched library was constructed using the protocol described by Glenn and Schable (2005) , with the following modifications. Approximately 2 lg of genomic DNA was digested with RsaI (New England Biolabs) and then immediately ligated with double-stranded SuperSNX linkers. Ligated DNA was hybridized with a single (AG) 12 biotinylated probe, with a final wash at 55°C. The polymerase chain reaction (PCR)-amplified enriched product was cloned using TOPO TA cloning kits (Invitrogen).
A total of 384 colonies from the (AG)-enriched library were amplified and sequenced directly from Luria broth culture using universal M13 primers and BigDye terminator version 3.1 (Applied Biosystems). Sequences were visualized using an Applied Biosystems 3730xl capillary electrophoresis system. The clones were first sequenced with forward primer, and sequences containing an SSR were identified using the TROLL module in PREGAP4 (version 1.5 Staden Package; Martins et al. 2006) . Clones containing SSRs were sequenced with reverse primer, and contig sequences were created for the selected clones; these were screened manually to eliminate replicates.
Unique sequences of the resulting SSR library were used to design primer pairs (each primer 18-25 long) to amplify fragments of 150-450 bp in length containing an SSR. PRIMER3 (Rozen and Skaletsky 2000) and NETPRIMER (Premier BioSoft International) were used to identify primers. Wherever possible, primers were designed with optimal T m of 60°C, 40-60% GC content, less than 3 repeats within primer sequence, and minimal hairpins and dimers (,1 and 8 kcal/mol, respectively). Amplification for the designed loci was tested in M. huetii (diploid progenitor), M. annua (diploid), M. annua (autotetraploid progenitor), and M. annua (hexaploid) with 2 or 4 DNA extracts from at least 2 populations of each taxon under standard PCR conditions: 3 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 55°C, 45 s at 72°C, followed by 20 min at 72°C. Each 10-ll reaction contained 0.2 lM of each forward (F) and reverse (R) primer along with 0.15 mM dNTPs, 1Â reaction buffer N supplied with polymerase (10 mM Tris-Cl, pH 8.9, 50 mM KCl, 0.1% Triton X-100), 2.0 mM MgCl 2 , 0.25 lg bovine serum albumin, 0.5 units YB-Taq DNA polymerase (Yorkshire Bioscience) and ;5 ng DNA template. The PCR products were run on 1.5% agarose gels and visualized under UV light following ethidium bromide staining. Loci that amplified only M. huetii and hexaploid M. annua (þoccasionally tetraploid M. annua) were selected for testing consistency of amplification of 16 M. annua hexaploid individuals (4 samples from each of 4 populations: Morocco, southern Spain, northeast Spain, and north Portugal). If a part of tested hexaploid individuals repeatedly failed to amplify, the occurrence of null alleles was concluded and the primers were redesigned and tested again.
For loci that consistently amplified bands of the expected size in all tested hexaploid individuals, fluorescently labeled forward primers (6FAM, PET, VIC and NED; Applied Biosystems) were synthesized. The labeled loci were amplified in the following step-down PCR: 3 min at 94°C, 20 cycles of 30 s at 94°C, 30 s at locus-specific annealing temperature (T a ; Table 2), 45 s at 72°C, followed by 10 cycles of 30 s at 89°C, 30 s at T a À5°C, 45 s at 72°C, and final elongation step of 20 min at 72°C. The optimal annealing temperature for each locus was identified using the gradient PCR (T a ranging from 55 to 65°C, PCRs were carried out using Peltier Thermal Cyclers PTC-200, MJ Research or DNA engine, Biorad). Additionally, PCR for locus Mh19 was modified by increasing the number of cycles at T a À5°C from 10 to 15. PCR products were separated on a 3730xl DNA Analyzer (Applied Biosystems) and sized using internal size standard (LIZ 500).
Tests of allelic polymorphism were made using DNA extracted from 32 seedlings from 1 population near Puerto Real (36.52°N, 6.15°W), southern Spain. Observed and expected heterozygosities and fixation indices were calculated using GENALEX 6 (Peakall and Smouse 2006) . Hardy-Weinberg equilibrium was tested for each locus, and genotypic disequilibrium was calculated for pairs of loci using GENEPOP 4.0.7 (Rousset 2008) . In both cases, Markov chain Monte Carlo was used to estimate the P value using 10 000 dememorization steps, 500 batches, and 5000 iterations per batch. Sequential Bonferroni correction (Rice 1989 ) was applied to all multiple tests.
Inheritance of microsatellite loci was tested in offspring of hexaploid M. annua plants originating from 2 populations in southern Spain: 1 near Puente Genil (37.40°N, 4.76°W) and 1 near Carmona (37.46°N, 5.64°W). Monoecious parental plants were kept individually in pollen-proof boxes for 4 months. Self-pollination of the plants was facilitated by occasional shaking of the shoots. For inheritance tests, 46-48 offspring were used from each of the 4 parental plants selected for high heterozygosity and differing from each other with their alleles in order to test inheritance of diverse allelic combinations (parent A3 and B3 originate from Puente Genil population and parents G4 and H5 from Carmona population). A G test was used to test for significant deviation from the expected 1:2:1 Mendelian ratios (Sokal and Rohlf 1995) .
Orthology among M. huetii sequences from the SSR library and PCR products amplified in hexaploid M. annua was tested as follows. Forward and reverse microsatellite primers were used to sequence the PCR product in both directions using BigDye terminator version 3.1 (Applied Biosystems). Sequences obtained for each locus were assembled into contigs and aligned manually with the M. huetii library sequence using BIOEDIT v. 7.0.9.0 software (Hall 1999) .
Results and Discussion
The M. huetii SSR library consisted of 99 unique sequences, which allowed us to design 73 primer pairs. Crossamplification tests in the M. huetii/M. anuua species complex (summarized in Table 1 ) have shown that almost half of the primer pairs amplified in all 4 taxa, indicating little divergence between the M. huetii and M. annua lineages. Twenty-one loci (29%) appeared to be specific to the M. huetii lineage, in that they amplified in both M. huetii and hexaploid M. annua but not in diploid and tetraploid M. annua; these loci were thus used for further testing. A further 6 loci that amplified in M. huetii displayed the unexpected pattern of amplification in both tetraploid and hexaploid M. annua. This pattern may point to a more complex history of reticulate evolution in the clade at some loci, involving, for example, a hybrid history or introgression in the tetraploid lineage that has hitherto interpreted as purely autotetraploid (Obbard, Harris, Buggs, and Pannell 2006) . However, the pattern remains difficult to interpret in the absence of further study. Nevertheless, despite these complexities, 2 of the 6 loci displayed diploid inheritance in 
Amplification patterns are defined by either presence (þ) or absence (À) of PCR product of size expected based on primer design; ± indicates variable results. The population genetic values for each locus were obtained from 32 seedlings sourced from 1 androdioecious population from southern Spain. All 32 seedlings were successfully genotyped at all loci, except loci Mh52, Mh35(2), and Mh108, which repeatedly failed to amplify in 1 individual (not the same individual for all 3 loci). a Loci with ''(2)'' had 1 or both primers redesigned. c Significant deviation from HWE as determined by sequential Bonferroni correction (Rice 1989) .
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Brief Communications the hexaploid lineage and are thus included in our list of usable diploid markers. Out of 27 selected primer pairs, 17 consistently amplified in hexaploids and were characterized using fluorescently labeled primers. This final set consisted of 10 polymorphic loci, each with either 1 or 2 alleles per individual, as required (Table 2) . We detected no significant linkage disequilibrium between any of these loci, which are thus likely unlinked. The number of alleles per locus varied from 4 to 10 alleles in the tested population. The majority of loci contained dinucleotide repeats, but mononucleotide repeats (of 6 or more of the same nucleotide) also contributed to the variation observed in our sample. No excess heterozygosity was detected for any locus. However, observed heterozygosities were lower than expected for most of the loci and for 3 of them (Mh15, Mh52, and Mh67), we detected significant deviations from Hardy-Weinberg equilibrium (Table 2) .
Low observed heterozygosity may be the result of inbreeding in the study population. Another explanation could be the presence of null alleles. However, if so, any such null alleles would appear not to be frequent in the study population: of the 10 loci identified, 7 revealed no b Presence of a null allele in the parent concluded based on ratio of amplifying versus repeatedly nonamplifying individuals which did not deviate from 3:1 (G 5 0.269, P 5 0.604). c Two peaks scored treated as one, as none of them was observed in the offspring independently.
clear evidence for null alleles, but 3 loci each failed to amplify in 1 of the 32 individuals tested (these 3 individuals may have been homozygotes for a null allele). In the case of locus Mh67, the presence of a null allele appears to have been confirmed: in inheritance tests, a relatively high proportion of the selfed offspring of parent H5 repeatedly failed to amplify (Table 3) . Thus, although null alleles were apparently rare in our study population, they might of course be common in other populations, and appropriate caution is thus required when interpreting amplification patterns in terms of, for example, mating system variation (Dakin and Avise 2004; David et al. 2007; Chybicki and Burczyk 2009 ).
Disomic inheritance is expected in allopolyploids due to preferential pairing of chromosomes from different progenitors . However, because nonhomologous chromosome pairing may occur in allopolyploids as a result of incomplete chromosomal differentiation between progenitor taxa (Stebbins 1947; Sybenga 1996; Boff and Schifino-Wittmann 2003; Jessup et al. 2003; Stift et al. 2008) , we tested whether the progeny of self-fertilized heterozygous hexaploid M. annua showed inheritance patterns consistent with a 1:2:1 ratio of homozygous:heterozygous:homozygous genotypes, as expected for disomic inheritance. The tests confirmed this mode of inheritance for the identified loci in the majority of a Exact repeat number could not be ascertained.
cases, but the progeny of 4 crosses (2 after locus-specific Bonferroni correction; Rice 1989) differed from disomic Mendelian ratios (Table 3) . For the 2 abberant loci, we tested whether polysomic inheritance could explain the observed deviations from expected segregation under different allele dosage scenarios; polysomic inheritance gives rise to a large excess of apparent heterozygotes. Under hexasomic inheritance, a genotype A 1 A 1 A 1 A 2 A 2 A 2 would produce gametes carrying 3 copies of 1 allele with a probability of 1/20. Selfing would thus yield homozygotes for each allele with a probability of only 1/400 (so that 398/400 progeny would display a heterozygous genotype). Similar reasoning reveals that the selfing of hexaploid genotypes (under hexasomic inheritance) with unequal dosage of both alleles (A 1 A 1 A 1 A 1 A 1 A 2 , A 1 A 1 A 1 A 1 A 2 A 2 , A 1 A 1 A 2 A 2 A 2 A 2 , and A 1 A 2 A 2 A 2 A 2 A 2 ) would yield progeny with homozygote:heterozygote:homozygote ratios of 1:3:0, 16:384:0, 0:384:16, and 0:3:1, respectively. Observed ratios for data presented in Table 3 deviate strongly from all these expected ratios. This implies that scenarios of simple hexasomic inheritance can be ruled out; we suggest that disomic inheritance provides the most parsimonious explanation for our data. However, it is possible that a model of inheritance, intermediate between disomic and hexasomic inheritance, which we have not considered, might be accommodated by our data. Our goal of developing markers with disomic inheritance in hexaploid M. annua appears to have been largely successful, although disomic inheritance cannot be guaranteed for allopolyploid species in general (e.g., Jessup et al. 2003; Stift et al. 2008) . Thus, it is important to include crossing tests as a routine procedure, where possible, in marker development.
Alignment of sequences obtained from the M. huetii SSR library and from hexaploid M. annua showed high sequence similarity, confirming orthology of the loci in both species (GenBank accession numbers in Table 4 ). The same sequence data revealed that alleles for locus Mh15 (with fragment lengths 238, 257, and 273 bp) differ from each other in terms of large indels outside microsatellite region. Indels of shorter fragments, other than microsatellite repeats, were also detected in case of all the other loci (Table 4) . It would evidently be inappropriate to base population genetic inference on mutation models involving a purely stepwise process (Slatkin 1995) .
In conclusion, our results confirm the successful development of diploid microsatellites in an allopolyploid context. Given the importance of allopolyploids in plant ecology and evolution (see in the Introduction) on the one hand and the difficulties associated with population genetic analysis of allopolyploid loci on the other, an ability to develop diploid markers that allow straightforward analysis should have broad applicability. Not only does diploid amplification and inheritance allow the estimation of standard population genetic variables such as gene diversity, inbreeding coefficients, and the mating system (including paternity analysis) in wild polyploid populations but also the high variability of microsatellite loci allows for the analysis of fine-scale population structure and metapopulation dynamics. In the context of the biology of M. annua specifically, the markers we have developed will now allow tests of hypotheses that link patterns of sex allocation to mating system theory (Charlesworth D and Charlesworth B 1981 ) by comparing outcrossing rates among populations with different male frequencies (Durand 1963; Pannell 1997) and different hermaphroditic sex allocations at a fine spatial scale (Dorken and Pannell 2009 ). Such studies are currently underway.
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